The hypothesis is that during severe coronary underperfusion there is precise matching of the rates of ATP synthesis and hydrolysis, but despite the precise balance of ATP rates, there is a decrease in the concentration of ATP and an increase in the concentration of phosphocreatine (PCr) caused by the hydrolysis of AMP to adenosine.
The hypothesis is that during severe coronary underperfusion there is precise matching of the rates of ATP synthesis and hydrolysis, but despite the precise balance of ATP rates, there is a decrease in the concentration of ATP and an increase in the concentration of phosphocreatine (PCr) caused by the hydrolysis of AMP to adenosine.
Isolated rabbit hearts were perfused using a crystalloid medium, and coronary flow was reduced by 95% from baseline for 45 min followed by reperfusion.
Phosphorus nuclear magnetic resonance spectroscopy showed a rapid decrease in PCr concentration to 25% of baseline at the onset of underperfusion followed by a gradual increase in PCr to 42% of baseline, while ATP decreased continuously to 65% of baseline. The kinetics of PCr and ATP could only be described by the precise matching of the rates of ATP synthesis and ATP hydrolysis and an open adenylate system that included the decrease in cytosolic AMP concentration via the production and efflux of adenosine.
To confirm the hypothesis of opensystem kinetics, two independent predictions were tested in separate experiments: 1) total coronary venous purine efflux (adenosine + inosine + hypoxanthine) during underperfusion was equal to the decrease in ATP concentration, and 2) there was no increase in PCr during moderate coronary underperfusion (80% flow reduction).
In conclusion, the open nature of the myocardial adenylate system causes mass action effects that exert novel control over PCr and ATP concentrations during coronary underperfusion. The opensystem kinetics cause ATP to decrease and PCr to increase, even though there is precise matching of the rates of ATP synthesis and hydrolysis.
Finally, the hydrolysis of AMP to adenosine may benefit tissue survival during ischemia by improving the free energy ofATP hydrolysis, thereby delaying or preventing calcium overload.
heart; rabbit; ischemia; nuclear magnetic resonance; myocardial hibernation; adenosine THE RATES OF MYOCARDIAL ATP synthesis and ATP hydrolysis are normally precisely matched. However, coronary underperfusion causes an abrupt mismatch in the rates ofATP synthesis and hydrolysis, leading to a rapid decrease in myocardial phosphocreatine (PC,) concentration and a more gradual decrease in ATP. The finding that PCr decreases within seconds while the decrease in ATP requires minutes indicates that the initial mismatch in the ATP rates is quickly improved, mainly due to decreased cardiac contraction. An unresolved question is whether the rates of ATP synthesis and hydrolysis are precisely matched during coronary underperfusion (34) or whether ATP synthesis may even exceed ATP hydrolysis (3).
Because it is not feasible to directly measure the individual rates of ATP synthesis and hydrolysis, investigation of the regulation of myocardial energy balance during coronary underperfusion makes use of the conservation of mass concept that the ATP concentration at any point in time is the integral of the difference in the rates ofATP production and removal where Vcell is the cellular volume of distribution ofATP. The processes of ATP production comprise ATP synthesis (oxidative + glycolytic) and the unidirectional forward fluxes of the creatine kinase (PCr + ADP + H+ u Cr + ATP) and myokinase (2 ADP R ATP + AMP) reactions. The processes of ATP removal comprise ATP hydrolysis (for contraction, ion transport, glucose phosphorylation) and the reverse fluxes of the creatine kinase and myokinase reaction. Although the above processes are important, the postulate of the present study is that they are not sufficient to permit an accurate analysis of myocardial energetics during underperfusion and that another factor must be considered.
The 5'-nucleotidase reaction hydrolyzing AMP to adenosine ( Fig. 1 ) makes the myocardial adenylate pool an open system, because although the membrane permeability for adenine nucleotides is very low, adenosine has a high membrane permeability and is actively degraded metabolically. A well-recognized consequence of an open adenylate system is that the depletion of ATP during ischemia is mediated by the membrane efflux of purines (22) . A novel consequence of an open adenylate system is that AMP hydrolysis to adenosine and membrane adenosine efflux may cause a decrease in the cytosolic concentration of ADP mediated by the myokinase reaction. If AMP hydrolysis to adenosine functions as a sink for cytosolic ADP during ischemia, then it could improve tissue survival by preventing calcium overload, since decreases in the ATP phosphorylation potential ([ATPl/[ADP] [Pi]),
where [ATP] , [ADP] , and [Pi] represent ATP, ADP, and Pi concentrations, respectively, due to increased ADP and Pi cause impaired uptake of cytosolic calcium by the sarcoplasmic reticulum (1, 8, 23, 47) .
Another unexpected consequence of an open adenylate system can be predicted from the combined equilibrium expression of the creatine kinase and myokinase reactions (44), where Cr is creatine and e:
and cqK are the equilibrium constants for the creatine kinase and myokinase reactions, respectively.
Equation 2 shows that if the cytosolic concentration ofAMP is decreased because of the production of adenosine during coronary underperfusion, then the concentration of PCr will tend to increase. At the same time, the concentration of ATP would be decreased, since AMP hydrolysis and adenosine efflux would decrease the total adenine nucleotide pool. Thus mass action effects of an open adenylate system might cause a simultaneous increase in PCr and a decrease in ATP during underperfusion, even if the rates of ATP synthesis and hydrolysis were precisely matched. Theoretical analyses of the kinetics of myocardial phosphoenergetics during ATP depletion did not investigate the effects of AMP hydrolysis to adenosine but, instead, were based on the concept of a thermodynamic closed system in which the total adenylate pool was conserved (1,9).
The purpose of the present study was to investigate whether the postulated mass action effects of AMP hydrolysis to adenosine take place during coronary underperfusion in the intact heart. By accounting for possible mass action effects, it should be feasible to determine whether there is precise matching of the rates of ATP synthesis and hydrolysis. The strategy was to use a mechanistically realistic mathematical model ( Fig. 1) to analyze data on PCr and ATP kinetics obtained by phosphorus nuclear magnetic resonance (NMR) spectroscopy in the underperfused rabbit heart. In addition, experimental tests were performed to confirm two independent predictions of the new hypothesis on open-system kinetics.
The first prediction was that the total decrease in ATP during severe underperfusion should be equal to the total coronary venous purine efflux from the heart (adenosine + in .osine + hypoxanthine).
The second prediction was that there should be no recovery of PCr during a more moderate degree of coronary underperfusion.
The rationale for the second prediction was that the initial increase in cytosolic AMP should be less during more moderate underperfusion than during severe underperfusion, and therefore AMP hydrolysis to adenosine should cause little increase in PCr.
It was observed that AMP hydrolysis to adenosine during severe coronary underperfusion (95% flow reduction) caused the predicted increase in PCr and simultaneous decrease in ATP concentrations, despite rapid reestablishment of precise matching of the rates ofATP synthesis and hydrolysis. A previously unrecognized effect of AMP hydrolysis to adenosine is improvement in the ATP phosphorylation potential during ischemia, which may benefit tissue survival by preventing or delaying calcium overload.
METHODS

Animal Preparation
A total of 68 juvenile 2-to 3-kg New Zealand White rabbits of either sex were anesthetized [sedation: acetylpromazine (0.8 mg/kg SC); anesthesia: ketamine (40 mg/kg iv) + xylazine (5 mg/kg iv)] and were treated with heparin (200 U iv) for anticoagulation and &sulfophenyltheophylline (8-SPT, 10 mg/kg iv) to minimize possible cardiac adenosine receptor activation during the subsequent surgery to remove the heart. After 5 min, the heart was rapidly excised and perfused via the aorta according to the Langendorff technique with filtered (1.2 pm) modified Krebs-Ringer bicarbonate solution composed of (in mM) 148 Na, 5.0 K, 2.1 Ca, 0.7 Mg, 126 Cl, 25 HC03, 1.2 HzP04, 0.7 S04, 0.1 EDTA, 11 glucose, and 5 pyruvate and 0.1% bovine serum albumin and equilibrated with 95% Oz-5% CO2 at 37°C using a membrane oxygenator. A constant-flow peristaltic pump was adjusted to provide a coronary perfusion pressure between 80 and 100 mmHg. The mitral valve was cut, and a latex rubber balloon was installed in the left ventricle for measuring ventricular pressure. The balloon volume was adjusted to obtain left ventricular peak systolic pressure of 80-100 mmHg and end-diastolic pressure of ~10 mmHg. Leads were secured to the epicardial surface for electrical pacing at a rate of 200 beats/min.
Hearts studied in the NMR magnet were submerged in perfusate in a 3-cm-diameter plastic watertight cylinder, which was temperature controlled at 37°C. The plastic cradle holding the heart preparation and connected to the perfusion system via plastic tubing was inserted into the horizontal bore of the magnet. Hearts studied in non-NMR experiments were also submerged in 37°C perfusate after ligation of the azygous vein and superior vena cava and cannulation of the pulmonary artery and inferior vena cava for sampling of coronary effluent perfusate. At the end of each experiment the heart was removed from the perfusion cannula, dissected free of atria1 and connective tissue, and weighed. Ten hearts were dried in an oven to determine the wet-to-dry weight ratio of 7.5, a value indicative of edema.
Experimental Protocols
Severe underperfusion.
NMR EXPERIMENTS.
In 10 experiments the NMR gradient coils were shimmed (15 min), and a fully relaxed phosphorus spectrum was obtained (15 min). Coronary perfusion pressure was maintained between 80 and 100 mmHg for 10 min while baseline measurements were obtained. Coronary perfusion (pump flow) was then decreased to -0.26 mlmin-l *g-l and held constant for 45 min, then flow was restored to its baseline value for 15 min. Partially Thirteen hearts were studied outside the magnet to determine myocardial contents of PCr, Cr, ATP, ADP, AMP, and inosine 5'-monophosphate using biochemical methods, The same experimental preparation was used as in the NMR experiments.
Seven hearts were freeze-clamped between brass blocks cooled in liquid nitrogen at the end of the baseline interval during normal coronary flow. The same timing protocol used in the NMR experiments was used to freeze-clamp another six hearts at the end of the 45min interval of severe coronary underperfusion. Hearts were lyophilized at -2O"C, and the neutralized perchloric acid extracts were analyzed using a modification of previously described high-performance liquid chromatography (HPLC; Gilson) methods (31).
Phosphorus
NMR measurements of the rabbit hearts were obtained using a 4.7-T superconducting magnet (Bruker, 25-cm horizontal bore) and a CSI spectrometer (GE-Omega). The solenoid-style radio-frequency coil encircling the heart was tuned and matched, and the magnet gradient coils were automatically shimmed to the proton signal from the coil, typically yielding a proton line width of 20-30 Hz. In each experiment a fully relaxed phosphorus spectrum was acquired by summing 40 free induction decays using a radiofrequency pulse width of 40 ps and a pulse interval of 20 s (block size 4,096, sweep width 6 kHz). Subsequently, 47 partially saturated spectra were acquired every 88 s by summing 32 free induction decays obtained every 2.7 s using the same pulse width.
Triphenyl tetrazolium chloride (TTC) staining was used in three non-NMR experiments to determine whether severe coronary underperfusion for 45 min caused myocardial infarction. Two hearts were prepared in the usual fashion, except no left ventricular balloon was installed and electrical pacing leads were sutured to the atria, rather than to the ventricle, to avoid local tissue damage. After 45 min of severe underperfusion, the hearts were reperfused at baseline flow for an additional 90 min, then they were perfused with 50 ml of 1% TTC solution in phosphate-buffered isotonic saline at a perfusion pressure of 80-100 mmHg. Hearts were partially frozen, sliced thinly, incubated for 30 min in 1% TTC solution in phosphate-buffered saline, and photographed. One additional control heart was stained in a similar fashion immediately after removal from the chest of the rabbit without any further perfusion.
The relative areas of the PCr and ATP peaks in the fully relaxed spectra were obtained by integration using Omega software and averaging the y-, CX-, and P-peaks of ATP. The tissue peaks of the subsequent 47 partially saturated spectra were analyzed using an automated fitting routine (21) Because all the animals that were studied received the hydrophilic adenosine receptor antagonist 8SPT (10 mg/kg iv) 5 min before the surgery to remove the heart, 10 animals were studied under identical severe underperfusion conditions in the NMR magnet, except they received 10 ml of saline vehicle instead of 8-SPT.
knouspurines.
VENOUS PURINE EXPERIMENTS.
In nine non-NMR experiments, coronary venous purines were determined in hearts that were prepared identically as in the oxygen and lactate experiments and studied using the usual severe underperfusion protocol. During underperfusion, effluent perfusate samples were collected into vials containing enzymatic stopping solution consisting of erythro-9-( 2-hydroxy-3-nonyl)adenine, iodotubercidin, and allopurinol each at 40 PM to inhibit possible activity of adenosine deaminase, adenosine kinase, and xanthine oxidase, respectively.
The samples were analyzed for concentrations of adenosine, inosine, and hypoxanthine using HPLC (Waters) (30) and for lactate concentrations.
Moderate underperfusion.
In nine experiments, hearts were studied using the same experimental preparation and protocol used in the severe underperfusion NMR experiments, except, during underperfusion, coronary flow was reduced to 1 instead of 0.26 ml l min-l l g-l to test the effects of moderate underperfusion. OXYGEN 
AND LACTATE EXPERIMENTS.
Six non-NMR experiments were carried out to collect samples of coronary effluent nerfusate during moderate underperfusion for analysis of
The free intracellular Mg2+ concentration ( [Mg2+]i) was estimated on the basis of the frequency difference between the P-peak ofATP and the peak of the phenylphosphonic acid internal standard where
where KEdm is the dissociation constant for MgATP, [ATP]ce, is the concentration of all unchelated ATP species, [ATPltot,l is the total concentration of chelated and unchelated ATP species, &-@ is the chemical shift difference (in ppm) between the phenylphosphonic acid internal standard and the P-peak of ATP in the heart, and S stdpATP and G,tdpMgATP are the chemical shift differences between phenylphosphonic acid and the P-peak of fully chelated and unchelated ATP in solution, respectively. This variation of the usual approach (17) takes advantage of the higher signal-to-noise ratio for the HZ566 OPEN-SYSTEM MYOCARDIAL PHOSPHOENERGETICS phenylphosphonic acid peak than for the a-peak of ATP. Values of 35.5 and 38.0 ppm were used for &MgATP and S,,dpATP, respectively, which were calculated from the cxppeak shifts of 8.34 and 10.8 ppm for MgATP and ATP (17), respectively, plus the measured shift of 27.2 ppm between the peaks of (x-ATP and the phenylphosphonic acid internal standard. In Eq. 3,0.05 mM was used for KFgATP corrected for observed variations of intracellular pH from 7.2 by multiplying 0.05 mM by the factor (1 + 106.5-pH)/(1 + 106.5-7.2) (26).
Because [Mg2+]i did not change detectably during underperfusion, for the purposes of modeling, it was assumed that the Mg2+ concentration remained constant at the estimated baseline value of 0.6 mM throughout the experiment.
Model Analysis
Open-system model. A mathematical model of the open adenylate system shown in Fig. 1 was used for analyzing the NMR data. The model describes the intracellular concentrations of PCr, Cr, ATP, ADP, AMP, Pi, adenosine and inosine, and membrane transport of adenosine, inosine, Pi, and Cr in exchange with an extracellular region. In the cellular region a time-varying function, ArATP, was defined as ArATP = rate of ATP synthesis (5) -rate of ATP hydrolysis Thus, when ArATP < 0 or ArATP > 0, the rate of ATP synthesis was below or above the rate of ATP hydrolysis. When ArATP = 0, the rates of ATP synthesis and hydrolysis were exactly matched. The time course of ArATP was determined empirically by fitting the NMR data (see APPENDIX for details). This empirical approach was taken to avoid the difficulties of describing mechanistically the individual processes involved in ATP synthesis and hydrolysis.
The model includes nonlinear kinetic descriptions of the creatine kinase, myokinase, 5'-nucleotidase, adenosine kinase, and adenosine deaminase reactions. Permeability-surface area products (PS) are used to describe linear membrane exchange of adenosine, inosine, Pi, and Cr with an extracellular region. There is clearance of the extracellular region due to flow, which was measured in the experiments.
The enzyme dissociation constants were taken from literature values (see Table 2 ), with the exception of the Michaelis constant (K,> of 5'-nucleotidase, which was estimated in the fitting. The equilibrium constant of the creatine kinase reaction was adjusted appropriately on the basis of the NMR measurements of intracellular pH and Mg 2+ (32) (see APPENDIX).
The model equations describing the enzyme rate laws, the ordinary differential equations, and the parameter values used are provided in the APPENDIX.
Closed-system model. A model of a closed adenylate system was also analyzed for comparison with the open-system model. The closed-system model was identical in every way to the open-system model, except the Km of 5'-nucleotidase was increased loo-fold above the value in the open-system fits. This change had the effect of decreasing the rate of AMP hydrolysis to adenosine to negligible levels without altering the form of the model.
InitiaZ conditions.
The initial concentrations of ATP (6.08 mM), PCr (10.6 mM), and Cr (13.2 mM) used in the modeling were taken from biochemical measurements of freezeclamped hearts with the assumption of a cellular water space of 3.15 ml/g dry wt (6). From this estimate of water space and the wet-to-dry weight ratio of 7.5 measured in hearts of the present study, Vcell of 0.42 ml/g was calculated.
Because Pi was included in the perfusion medium, it was not possible to measure intracellular Pi or pH under baseline conditions, and therefore it was assumed that the initial intracellular concentration of Pi was 0.4 mM (18) and the initial pH was 7.1(33).
[Mg2+]i was estimated to be 0.6 mM under baseline conditions without detectable changes during underperfusion.
Fitting NMR data. To fit the model to the NMR data, an automated least-squares optimization routine (SIMPLEX) was used to simultaneously fit the ATP and PCr curves by adjusting the K, of 5'-nucleotidase and the difference in the rates of ATP synthesis and hydrolysis (ArATP). The ATP and PCr curves were equally weighted.
Whereas the K, of 5'-nucleotidase was a constant, ArATP was a time-varying function, because the experiment involved a baseline period of matched ATP rates (ArATP = O), periods of negative imbalance of ATP rates (ArATP < O), and periods of positive imbalance (ArATP > 0). The APPENDIX describes how the function ArATP was estimated. All other model parameters were held constant during fitting or were changed according to direct measurements (intracellular pH, flow). Standard errors of the parameter estimates were obtained from the optimization covariance matrix. To describe the observation in the freeze-clamped hearts that there was a 7% decrease in total Cr (PCr + Cr) at the end of underperfusion, a membrane PS of 0.0005 ml l min-l l g-l was used for Cr. For simplicity, it was assumed that the extracellular Pi concentration was constant (0.4 mM) and that the extracellular Cr concentration was zero.
After fitting of PCr and ATP, the Pi data were fit by optimizing one parameter, the membrane PS for Pi, describing Pi exchange with the extracellular region. Fitting the Pi data had no effect on the PCr and ATP fits.
RESULTS
Severe Coronary Underperfusion
Freeze-clamp experiments. Biochemical measurements of tissue contents of PCr, Cr, ATP, ADP, AMP, and inosine 5'-monophosphate are shown in Table 1 from freeze-clamped hearts determined at the end of the baseline period and at the end of the 45min period of severe underperfusion, in which flow was reduced by 95% from baseline. The biochemical measurements were used for the absolute quantification of the NMR measurements of PCr and ATP with the assumption of a cellular volume of distribution of 3.15 ml/g dry wt (6) and total NMR visibility of ATP and PCr (14) . Because of subcellular compartmentalization, cytosolic concentrations of ADP and AMP must be calculated using the NMR experiments.
The ratio of the area of the PCr peak to the mean area of the three ATP peaks averaged 2.1 t 0.41 (mean ? SD, n = 10) in the fully relaxed NMR spectra acquired under control conditions (Fig.  2) . The ratio of 2.1 is in agreement with the biochemical measurement of a PCr-to-ATP concentration ratio of 1.75 t 0.13 in hearts that were freeze-clamped during baseline (Table 1) and is similar to a PCr-to-ATP ratio of 2.2 determined in the in situ rabbit heart (19).
Coronary flow was decreased by 95% from a baseline value of 5.76 2 2.09 ml*min-l.g-l for 45 min, causing an abrupt decrease in PCr to 25% of baseline levels, then a more gradual partial recovery to 42% of baseline, whereas ATP showed a continual decrease to 65% of baseline (Fig. 3, top) . PCr increased rapidly toward baseline during the 15 min of reperfusion, but there was no detectable recovery ofATP.
Left ventricular systolic pressure decreased from a baseline value of 83 mmHg to undetectable levels after -4 min during severe underperfusion (Fig. 4, top) . Ventricular pressure remained undetectable until hearts were reperfused and recovered to 49 mmHg after 15 min of reperfusion.
Electrical stimulation was continued at a rate of 200 min-l throughout the experiment. Intracellular pH, calculated from the frequency shift of the Pi peak, decreased to 6.82 within 10 min of underperfusion and increased to -6.88 toward the end of underperfusion (Fig. 4, middle) . It was assumed that intracellular pH was equal to 7.1 during baseline and reperfusion conditions. The intracellular Pi concentration (see METHODS, NMR Spectroscopy) increased to -10 mM within 5 min of underperfusion and remained relatively constant until reperfusion when it decreased toward baseline (Fig. 4, bottom 3.2 t 0.4 pmol l min-l l g-l (n = 8) in parallel non-NMR experiments that followed the identical severe underperfusion protocol and showed partial recovery during reperfusion (Fig. 5) . Myocardial lactate production increased an average of 39% from baseline to a nearly constant value of 0.7 pmol l min-l = g-l throughout underperfusion in the same experiments (Fig. 5) . Calculated myocardial ATP synthesis decreased by 90% to a constant value of 1.7 pmol*min-l*g-l during underperfusion (Fig. 5) , assuming a phosphorus-to-oxygen ratio of 5.6 (5) and the production of 1.25 mol ofATP per mole of lactate via glycolysis. Production of ATP via glycolysis increased from 3 IT 0.4% of total ATP synthesis during baseline conditions to 50 t 4% during underperfusion. If it is assumed that the phosphorus-to-oxygen ratio decreased by 50% below normal during underperfusion, then the calculated rate of ATP synthesis was decreased to 1.3 ~mol*minl*gB1. Fit using open adenylate system. Model fits to the NMR measurements of PCr and ATP were obtained by automated optimization of the difference of the rates of ATP synthesis minus ATP hydrolysis (ArATP; see METH-ODS. Model AnaZysis) and the K, of 5'-nucleotidase (Fig.  3 , top, continuous curves). All other model parameters were held constant, except for flow, which was automatically adjusted to the measured value, and the equilibrium constant of the creatine kinase reaction, which was automatically adjusted according to the NMR measurements of intracellular pH (see APPENDIX).
A transient negative imbalance in ATP rates (ArATP <= 0) at the onset of underperfusion (Fig. 3 bottom) caused the initial decrease in PCr (Fig. 3, top) and increases in cytosolic ADP and AMP (Fig. 3,  middle) . Precise matching of the rates ofATP synthesis and hydrolysis was reestablished within 5 min after the onset of underperfusion, since ArATP decreased to a constant value estimated at only -1.7 t 0.6 nmol l min-l l g-l until reperfusion (Fig. 3, bottom) , representing an imbalance of only 0.01% of the baseline rate of ATP synthesis (18 pmolmin-l l g-l; Fig. 5,  bottom) . The increased pools of cytosolic ADP and AMP were decreased via AMP hydrolysis to adenosine (Fig.  3, middle) . The increased pool of cytosolic adenosine was in turn decreased via membrane efflux and conversion to inosine. The increased cytosolic inosine pool was decreased via membrane efflux. During reperfusion there was a transient positive imbalance of ATP rates (ArATP > 0), causing nearly complete recovery of PCr (Fig. 3, top) . Th ere was no recovery of ATP, because no significant cytosolic pools of ADP and AMP remained at the end of underperfusion because of the extensive AMP hydrolysis. A novel finding is that the increase in PCr and most of the decrease in ATP during underperfusion occurred while the rates of ATP synthesis and hydrolysis were precisely matched. These effects are due to AMP hydrolysis to adenosine (see DISCUSSION, Mechanism of Mass Action Effects of AhIP Hydrolysis).
The estimate for the K, of 5'nucleotidase of 5.5 t 0.4 JLM resulted in such high activity of this enzyme that nearly the entire 2.2 mM decrease in ATP during underperfusion should efflux from the heart in the form of membrane-permeable purines. This model prediction was tested in independent experiments (see RE-SULTS, Venous purine experiments). Cellular pH decreased abruptly at the onset of underperfusion but remained fairly constant until reperfusion (Fig. 4) , indicating that it was appropriate to model the K, of 5'-nucleotidase as a constant during underperfusion, even though the activity of 5'-nucleotidase is pH dependent (4).
The estimate of the membrane PS for Pi was 0.011 t 0.0013 ml*min-l*g-l, which resulted in the cellular efflux of -58% of the intracellular Pi produced during underperfusion.
Fit using closed adenylate system. It was not possible to obtain acceptable fits in the absence ofAMP hydrolysis to adenosine. Figure 6 shows the best fits that could be obtained using a model of a closed adenylate system using fitting procedures identical to those in Fig. 3 . It was possible to fit the PCr curve (Fig. 6, Left) or the ATP curve (Fig. 6, middZe) , but not both. In the solution in Fig. 6 (left ) the rate of ATP hydrolysis was less than the rate of ATP synthesis (ArATP > 0) during underperfusion. There was an increase in PCr as expected under these conditions, but there was almost no decrease in ATP. When 5'-nucleotidase activity was abolished in the solution describing an open adenylate system in Fig. 3 without changing anything else, there was almost no decrease in ATP and no increase in PCr during underperfusion (Fig. 6, right ) . wet wt (n = 9) during underperfusion (Fig. 8) . This is equivalent to a loss of tissue adenine nucleotides of 2.1 mM (on the basis of a cellular volume of distribution of 0.42 ml/g), which is similar to the decrease of 2.2 mM in ATP concentration observed in the NMR experiments. These results confirm the hypothesis prediction of open-system kinetics. Adenosine showed the most pronounced phasic time course, rising to a maximal venous concentration of 23 t 5 JLM and decreasing to 1.7 5 0.18 JLM at the end of the brief period of ischemia due to the surgery. Otherwise, the experimental protocol was identical to the SO severe underperfusion NMR study. Because 8SPT is ,^ hydrophilic, it was assumed that 8-SPT washed out of Jo the heart during the initial phase of perfusion, leaving $ 4o adenosine receptors unblocked during the experimen-% tal protocols.
There were no differences in the ATP g 30 results between the saline vehicle experiments and the T severe underperfusion experiments and only minor differences in the PCr results during underperfusion 5 9 20 (Fig. 7) . The results indicate that transiently blocking adenosine receptors before the surgery for heart isola-5 T were performed to test the model prediction of the open-system hypothesis that the entire 2.2 mM decrease in ATP concentration during underperfusion observed in the NMR experiments (Fig. 3) should efflux from the heart in the form of membrane-permeable purines.
In these non-NMR experiments, performed using the same severe underperfusion protocol (95% flow reduction) used in the NMR experiments in Fig. 3 (Fig. 3) on the basis of the NMR data, much lower than the venous purine concentrations.
Moderate coronary underperfusion.
Separate NMR experiments (n = 9) were performed to study hearts during moderate coronary underperfusion to independently test a second model prediction of the hypothesis of open-system kinetics. The prediction was that during moderate underperfusion the initial increase in cytosolic AMP should be less than during severe underperfusion, and therefore AMP hydrolysis to adenosine should cause little increase in PCr.
NMR EXPERIMENTS.
Coronary flow was decreased by 80% from a baseline value of 5.87 t 1.71 ml*minl.g-l, causing a rapid decrease in PCr to -58% of baseline and a continuous decrease in ATP to 78% of baseline. (Fig. 9, top) . As expected, the peak concentration of cytosolic AMP during moderate underperfusion (2 PM, Fig. 9 , middle) was lower than the peak AMP concentration during severe underperfusion (Fig.  10) . Intracellular pH decreased to 6.95 during underperfusion and remained constant. Intracellular Pi increased to a constant value of 5 mM at the onset of moderate underperfusion.
OXYGEN AND LACTATE EXPERIMENTS. Myocardial oxygen consumption decreased by 87% from baseline to 0.67 pm01 l min-l l g-l (n = 6) in non-NMR experiments after the identical moderate underperfusion protocol (Fig. 11) . in non-nuclear magnetic resonance experiments using protocol identical to that shown in Fig. 9 . ATP synthesis was calculated from myocardial oxygen consumption and lactate production, assuming a phosphorus-to-oxygen ratio of 5.6 and production of 1.25 mol ofATP per mole of lactate.
OPEN-SYSTEM MYOCARDIAL PHOSPHOENERGETICS
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Myocardial lactate production showed a 2.4-fold increase to a constant value of 1.4 pmol l minl l g-l, and calculated myocardial ATP synthesis decreased to a constant value of 5.1 pmol l min-l l g-l, assuming that the phosphorus-to-oxygen ratio remained at a constant value of 5.6 and that there were 1.25 mol of ATP produced per mole of lactate produced. During moderate underperfusion, glycolysis provided 32% of total ATP synthesis.
If it is assumed that the phosphorus-tooxygen ratio was decreased by 50% below normal during underperfusion, then the rate of total ATP synthesis would be 3.6 pmol l min-l l g-l.
MODEL FIT. The model accurately described the moderate underperfusion NMR data (Fig. 9 , top, continuous curves). The transient negative imbalance of ATP rates (ArATP < 0) at the onset of moderate underperfusion (Fig. 9, bottom) was smaller than in severe underperfusion (Fig. 3, bottom) , resulting in lesser increases in cytosolic ADP and AMP in moderate underperfusion (Fig. 9, middle) .
Close matching of ATP rates was reestablished within 5 min after the onset of moderate underperfusion, leaving an estimated imbalance (-17 t 3 nmolmin-l* g-l), representing only 0.06% of the baseline rate of ATP synthesis. The increased cytosolic pools of ADP and AMP were cleared via AMP hydrolysis to adenosine and subsequent metabolism and membrane efflux of adenosine. The K, of 5'-nucleotidase was estimated to be 3.8 5 0.2 PM.
DISCUSSION
The present findings demonstrate that ATP and PCr kinetics during severe coronary underperfusion can only be described using an open adenylate system that includes novel mass action effects ofAMP hydrolysis to adenosine. The open-system kinetics caused a decrease in ATP and an increase in PCr during underperfusion, despite exact matching of the rates of ATP synthesis and hydrolysis.
Restoration of the matching of the rates of ATP synthesis and hydrolysis was unexpectedly rapid and precise, even during severe underperfusion (95% flow decrease).
The hypothesis of open-system kinetics was confirmed experimentally by testing two independent predictions of the hypothesis. First, the decrease in ATP concentration due to severe underperfusion was equal to the total coronary venous efflux of membrane-permeable purines (adenosine + inosine + hypoxanthine).
Second, there was no PCr recovery during moderate coronary underperfusion.
Mechanism of Mass Action Effects of AMP Hydrolysis
The transient imbalance ofATP rates (Fig. 3 , bottom) during underperfusion caused increased pools of cytosolic AMP and ADP, which were cleared via the 5'-nucleotidase and myokinase reactions. The decrease in AMP and ADP caused an increase in PCr and a decrease in ATP via mass action effects of the creatine kinase reaction, as predicted in an approximate fashion by Eq. 2. The gradual time course for the recovery of PCr was mainly determined by the relatively low activity of the cytosolic 5'-nucleotidase reaction, which has a much lower enzymatic capacity than creatine kinase or myokinase (10,35). The mass action effects of AMP hydrolysis were particularly clear in the present study, because they took place while the rates ofATP synthesis and hydrolysis were nearly identical.
However, the same mass action processes would also take place ifATP synthesis and hydrolysis were not matched, although the effects would take a different form, as discussed below (see Open vs. Closed Adenylate System).
Moderate Underperfusion
The results during moderate underperfusion confirmed the model prediction that there should be no recovery of PCr. This outcome is somewhat counterintuitive, since it might be expected that with less severe ischemia it would be more likely that hearts could generate a positive imbalance in ATP rates (ArATP > 0) and, therefore, a greater recovery of PCr than during severe underperfusion (41). Instead, there was no recovery of PCr during moderate underperfusion and no evidence for a positive imbalance in ATP rates. There was negligible PCr recovery, because there was less increase in the pools of ADP and AMP at the onset of moderate underperfusion than during severe underperfusion (cf. Fig. 3 , middle, and Fig. 9 , middZe) and, consequently, less effect of AMP hydrolysis.
Open vs. Closed Adenylate System
The closed-system model of the adenylate system (no AMP hydrolysis) failed to accurately describe the kinetics of ATP and PCr (Fig. 6) , because it incorrectly predicted increases of cytosolic ADP into the millimolar range during net ATP hydrolysis. This unrealistic behavior is illustrated by simulating a hypothetical constant negative imbalance of ATP rates (ArATP < 0) in a closed adenylate system (Fig. 12, left ) . Millimolar increases in cytosolic ADP cause the PCr buffer to maintain nearly constant levels of ATP until PCr is nearly exhausted, as predicted in previous theoretical analyses of the high-energy phosphate system in which there was no AMP hydrolysis (1, 9). In contrast, there are numerous experimental observations of decreases in ATP during coronary underperfusion without the depletion of PCr (2, 4, 33, 37, 41, 48) . Simulating reperfusion with a positive imbalance of ATP rates (ArATP > 0) in the closed adenylate system incorrectly predicted a rapid and complete recovery ofATP (Fig. 12 , Left), because ADP and AMP remained in the system during ATP depletion.
Unexpected, but more realistic, effects of the PCr buffer were predicted when the identical negative imbalance of ATP rates (ArATP < 0) was simulated in an open adenylate system that included AMP hydrolysis to adenosine but was otherwise identical to the closed system (Fig. 12, right) . The open system predicted that ATP and PCr should decrease together during underperfusion, which is consistent with experimental observations (3, 4, 33, 37, 41, 48 negative imbalance in ATP rates (ArATP < 0) was used to produce an initial 30% decrease in PCr followed by a 120-min period of exact matching of ATP rates (ArATP = 0). The model described complete PCr recovery using parameter values identical to those used in the fits of the severe underperfusion data in Fig. 3 , except it was assumed that the adenosine kinase reaction (adenosine -AMP) is inhibited during underperfusion.
Adenosine kinase was inhibited by -90% due to hypoxia in the guinea pig heart (ll), and the mechanism for adenosine kinase inhibition may be allosteric effects due to increased Pi (16). Inhibition of adenosine kinase would cause increased net flux from AMP to adenosine and result in greater mass action effects than'were present in Fig. 3 . If there was no assumption of inhibition of adenosine kinase in the modeling, then it would be necessary to assume increased activity of Vnucleotidase to describe complete PCr recovery. There is evidence for increased activity of 5'-nucleotidase during myocardial ischemia (27) . These results suggest that complete recovery of PCr could be due to mass action effects ofAMP hydrolysis or, as previously assumed, to a positive imbalance in ATP rates (ArATP > 0).
The isolated heart preparation has advantages for investigating fundamental processes governing myocardial energetics in the intact heart, because the major determinants of energy supply and demand (coronary flow, preload, afterload, heart rate) can be controlled more precisely than in vivo. In addition, possible in vivo effects of neural activity and cell-mediated inflammatory responses are of minor importance in the bufferperfused heart. The isolated heart preparation, therefore, has limitations, because the results do not reflect the complexity encountered in vivo.
Free Energy of ATP Hydrolysis
The clearance of increased pools ofADP and AMP during ischemia via purine efflux may prolong tissue survival by improving the free energy of ATP hydrolysis (AG). The free energy change (Gibb's free energy) is the chemical potential energy released by the hydrolysis ofATP that --is available to the cell for performing work. Thus (6) where AGO is the standard free energy change, R is the gas constant, and T is temperature. 23) and calcium overload will occur, causing cell death. Increases in ADP concentrations caused impaired calcium uptake by the sarcoplasmic reticulum due to decreased AG in skinned rat heart muscle (47) and in the perfused rabbit heart (8). AG is maintained at higher levels during ATP depletion in the open adenylate system than in the closed system, because there is less accumulation of ADP in the open system. Because the removal of AMP via the production of adenosine causes decreased ADP, the kinetics of the open adenylate system improve the free energy of ATP hydrolysis during myocardial ischemia and may benefit cellular survival by delaying or preventing calcium overload. This previously unrecognized mechanism for maintaining the free energy of ATP hydrolysis during myocardial ischemia may represent one of the most important functions of the production of adenosine.
Conclusion
The kinetics of myocardial ATP and PCr during severe coronary underperfusion can only be described by an open adenylate system that includes novel mass action effects of AMP hydrolysis to adenosine. AMP hydrolysis to adenosine caused a decrease in ATP and a simultaneous increase in PCr during underperfusion, despite exact matching of the rates of ATP synthesis and hydrolysis. Even during severe coronary underperfusion (95% flow reduction), the rates of ATP synthesis and hydrolysis were just as precisely matched as during normal flow. There was no evidence that ATP synthesis exceeded ATP hydrolysis during underperfusion. Decreases in cellular adenine nucleotides via AMP hydrolysis to adenosine may benefit tissue survival during ischemia by improving the free energy of ATP hydrolysis, thereby preventing or delaying calcium overload.
APPENDIX Model Equations
The equations of the open-system model (Fig. I ) are given below: first the rate equations, then the ordinary differential equations.
Although the creatine kinase and myokinase reactions were described using kinetic, rather than equilibrium, expressions, this had little effect on the analysis. The reactions remained near equilibrium under the conditions that were studied, because the maximal velocities (V,,) were high ( Table 2 ). All the model expressions for rates of enzyme flux, membrane transport, and convection had units of moles per minute per gram.
Creatine kinase. The nonlinear kinetics of the creatine kinase (CK) reaction were described using an equilibrium binding expression, with random-order binding in the forward direction and ordered binding in the reverse direction (42) as follows where VL,, and Vf,, are the maximal velocities (mol l min-l l g-l) in the forward and reverse direction, respectively; [ATP], [ADPI, [PCrl, and [C r The effect of pH and Mg2+ on the equilibrium constant of the creatine kinase reaction was described using the following algorithm ( To model the effects of vascular flow in an approximate fashion, the model described the clearance of solutes in the extracellular region by the experimentally determined flow rate (F, ml* min-l *g-l ), exemplified by Eq. 
